A technique for the selective measurement of diffusive gradients in thin-films (DGT) for free Cu 2+ ions was developed using a 0.030 M solution of polyvinyl alcohol (PVA) as the liquid binding phase with the liquid-type DGT devices (PVA DGT). The PVA DGT had a substantial binding capacity at pH 5.6 -8.6 and concentrations of competitive Na + up to 0.7 M. The measurements of PVA DGT and cupric ion selective electrode (Cu-ISE) for free Cu 2+ in synthetic river water (recovery = 97.51 ± 2.58% for PVA DGT and recovery = 98.25 ± 1.46% for Cu-ISE), in spiked river water (recovery = 24.99 ± 3.55% for PVA DGT and recovery = 26.32 ± 3.33% for Cu-ISE) and in spiked industrial wastewater (recovery = 4.21 ± 3.13% for PVA DGT and recovery = 5.10 ± 2.78% for Cu-ISE) were equivalent. The results showed that PVA DGT could measure selectively the free Cu 2+ ion concentrations in water samples.
introduction
The diffusive gradients in thin-films (DGT) is a technique for the measurement of labile metals in waters, 1,2 soils 3,4 and sediments. 5, 6 The DGT sampler has several advantages over other techniques proposed for measuring metals in natural waters: (i) the device is easy to use and concentrates metals in situ; (ii) it can measure trace metals; (iii) it yields time-averaged concentrations over the length of the deployment period; (iv) it can not measure all metal species but only those species that can be accumulated by the DGT binding phase and pass through the DGT diffusive layer; (v) it can accumulate metal ions without any effect of environmental factors (such as flow rate of water) on the mass transfer, because the diffusive layer limits the mass transfer rate to the binding phase. [7] [8] [9] Two types of DGT samplers, including solid-form binding phases (e.g. chelex-100 resin, 7 Whatman P 81 membrane, 10 and Thiol-Speron resin) 11 and the liquid-form binding phases (e.g. 0.020 M poly(4-styrenesulfonate) (PSS) solution), 12 have been developed for the measurement of labile soluble metal species. The homogeneous mobile liquid binding phase provides excellent contact between the binding agent and the diffusive layer with good reproducibility and no need for elution corrections. 12 Usually biological responses of organisms have been shown to relate to the activity of free metal ions. 13, 14 Depending on its concentration, copper is one heavy metal which is, on the one hand, essential for life but on the other hand, highly toxic to organisms. Its toxicity is determined by cupric ion activity but not by the total copper concentration. 15 However, DGT can be less selective than ion selective electrode (ISE) measurements 16 and may detect labile soluble metal species which contain the inorganic complexes and some fraction of the organic complexes besides free cations. 7 It is because the binding phase has low selectivity for the metal speciation. The aim of our work was to set up a new DGT sampler for the measurement of free Cu 2+ ions. Polyvinyl alcohol (PVA) is used in a wide range of industrial, commercial, medical and food applications. 17, 18 It has been found that the cupric ions can form a green stable mononuclear copper(II)-PVA macromolecular complex. [19] [20] [21] [22] In this research, we developed a new DGT sampler, which used a polyvinyl alcohol (PVA) solution as the binding phase with liquid-type DGT device (PVA DGT) for the selective measurement of free Cu 2+ ions in water samples. The validation of PVA DGT for free Cu 2+ ions in synthetic solutions was investigated. The effects of varying pH values and electrolyte concentrations (as NaNO3) on the binding capacities of PVA DGT were also assessed. We compared the results of PVA DGT and Cu-ISE for the measurement of free Cu 2+ ions in spiked natural water and in spiked industrial wastewater.
Experimental

Preparation of the dialysis membrane and purification of polyvinyl alcohol
Cellulose acetate dialysis membranes (Mw 12000 or greater retained; Sigma, USA) were pretreated following the procedures recommended by Li 12 to remove chemicals attached during production. After a final rinse with hot deionized water to remove the acid, the membranes were stored in deionized water.
A 20-g portion of polyvinyl alcohol (PVA) (Mw 155000, degree of hydrolysis 98%; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was dissolved in 500 mL of hot deionized water. The solution was then transferred into a cellulose acetate dialysis bag, prepared as described above, which was placed in deionized water for 168 h with the water frequently replenished. This process effectively removed all of the low molecular weight PVA that passed through the dialysis membrane. The dialysis PVA was then filtered with a 0.45-µm pore size cellulose nitrate filter membrane (Dikma, Tianjin, China) to remove any undissolved particles. After purification, the concentration of PVA was determined by spectrophotometry of the iodine-boric acid-PVA complex, 23, 24 and a PVA stock solution of 0.350 M (concentration of hydroxyl groups) was prepared.
Measurement of diffusion coefficients of Cu 2. + in the dialysis membrane
The diffusion coefficients, Dm, of Cu 2+ through the dialysis membrane in various synthetic solutions (synthetic river water and synthetic industrial wastewater) were determined using a specially designed diffusion cell as described by Zhang. 25 The cell comprised two compartments, each with an interconnecting 2 cm diameter opening. A 3-cm diameter disc of dialysis membrane was placed over the opening. The dialysis membrane of known thickness (Δg = 85 µm) provided the only connection for mass transport between two compartments. Seventy-five milliliters of synthetic solutions containing 10 mg L -1 of Cu 2+ ion as the carrier solution were introduced into one compartment (A) and 75 mL of synthetic solutions with an experimentally optimized concentration of purified PVA solution as carrier solution without Cu 2+ ion was introduced into the other compartment (B). The use of PVA in compartment B is intended to bind diffused metal ions and to reduce their concentrations. Both compartments were stirred continuously using an overhead stirrer. As the procedures recommended by Li, 12 samples were taken from both compartments at 30 min intervals up to 180 min and measured by FAAS. The Dm for Cu 2+ through the dialysis membrane was measured for different synthetic solutions. The diffusion coefficients (Dm) were calculated using this equation:
Here M is the mass transported from compartment A to compartment B, Δg the thickness of the membrane, A the area of the openings on the cells, C the concentration of metal ions in compartment A and t the diffusion time. Average concentrations in compartment A at the sampling intervals were used to correct concentration changes. The measurements were repeated nine times.
Metal binding properties of the PVA solution
To assess the concentration of PVA solution in the liquid-type DGT device ( Fig. 1) reported by Li, 12 we immersed the DGT To investigate the effect of varying pH (2 -11 in 10 increments) and electrolyte concentration (0.0001, 0.001, 0.01, 0.1 and 0.7 M as NaNO3) on the binding capacity of PVA DGT, we immersed the devices in a Cu 2+ solution (50 µM) for 24 h. The pH values of the solutions were adjusted using 2% HNO3 or NaOH. The ionic strengths of the solutions were adjusted with appropriate additions of NaNO3 at pH ~7.
Validation of PVA DGT
A validation test for a new DGT binding phase was undertaken according to procedures described previously. 8, 12 For a test of Cu 2+ uptake, PVA DGT were deployed in a 20 µM of Cu 2+ synthetic river water at pH 7.8 for 8, 16, 24, 48, 72 and 96 h. Major cation concentrations of synthetic river water are shown in Table 1 . The volume of solution was sufficiently large (30 L) to avoid significant depletion of metals. At the same time, the measurements of free Cu 2+ in synthetic river water were investigated by Cu-ISE.
The speciation measurements of Cu
2+ by PVA DGT and Cu-ISE The Cu-ISE measures the activity of free Cu(II) in solution as the potential of the Cu-Cu(II) redox pair. As far as the low ionic strength solutions are concerned, activity and concentration of Cu can be considered equal. 15, 26 We assumed that the Cu-ISE would not respond to organically bound Cu(II), since complexes of Cu have been shown to be electrochemically inert. 27, 28 Two freshwater sites were chosen: one with relatively high concentrations of organic matter (OM), a local industrial wastewater canal; and the other with less OM, the Hun River. The river water and the industrial wastewater were collected on July 31, 2007 and on Sep. 25, 2007, respectively. Major cation concentrations, dissolved organic carbon and pH values of the water samples are also shown in Table 1 . The 30 L of river water and industrial wastewater (individually) was immediately pre-filtered under vacuum through qualitative filter papers before filtering through a 0.45-µm cellulose nitrate membrane in the laboratory. The PVA DGT were immersed in the filtered river water and in the filtered industrial wastewater spiked with 20 and 80 µM Cu 2+ for various time periods from 8 to 96 h, respectively. At the same time, the measurements of free Cu 2+ in river water and in industrial wastewater were investigated by Cu-ISE. The total Cu 2+ concentrations in river water and in industrial wastewater were determined by FAAS at the beginning, middle and end of the PVA DGT deployment period. Unless stated, all the experiments and measurements were performed in triplicate at room temperature. Stirring of all the experiments was achieved by recirculating the solutions using an aquarium pump at a rate of 10 L min -1 . The other reagents used were analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd.
Apparatus
The DOC concentration was measured using a Dohrmann DC-190 TOC analyzer (Teledyne Tekmar, USA).
The concentrations of metals in DGT and bulk solutions were determined by flame atomic absorption spectrometry (FAAS) (AA-700, PE, USA) after appropriate dilutions and acidification to pH ~2 using HNO3. The free Cu 2+ concentrations in bulk solutions were measured by a Model PXSJ-226 ion analyzer (Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai, China), a PCu-1 Cu-ISE (Shanghai Precision & Scientific Instrument Co., Ltd.), and a 232 Ag/AgCl reference electrode (Shanghai Precision & Scientific Instrument Co., Ltd.).
Results and Discussion
The concentration of PVA solution for the binding phase
The amount of binding phase used may be a limiting factor for long-term (weeks or months) deployments of DGT devices. 8 It was necessary to demonstrate that the concentration of PVA solution was appropriate as the binding phase of DGT technique. The results showed no linear relationship between the concentrations of PVA solutions and the mass accumulated of Cu 2+ . The mass accumulated of the PVA solutions for Cu 2+ reached a plateau in the range of 0.030 -0.050 M. So the 0.030 M PVA solution was used as the binding phase of DGT technique. It was also found that this concentration was relatively easy to handle due to lower viscosity and fewer bubbles between the dialysis membrane and the binding solution.
The diffusion coefficient of Cu
2+ in the dialysis membrane The calculation of DGT labile concentration was dependent on the diffusion coefficients of metal species in the diffusive layer. Due to the different synthetic waters as a carrier solution, a more reasonable value for the diffusion coefficient in the diffusive layer was obtained. The measured values of diffusion coefficients of Cu 2+ in dialysis membrane with the PVA solution as the binding phase in synthetic river water and synthetic industrial wastewater were (0.51 ± 0.05)× 10 -6 cm 2 s -1 (RSD% = 5.89%) and (0.46 ± 0.04)× 10 -6 cm 2 s -1 (RSD% = 5.38%), respectively. Figure 2 shows that the measured mass of Cu 2+ in the 0.030 M PVA solution increased linearly with the Cu 2+ concentration in the solution up to 0.005 M. The maximal capacity of PVA DGT with 0.030 M PVA solution for Cu 2+ was 0.291 mg mL -1 .
The binding capacity of PVA DGT
Effect of pH and ionic strengths on the binding capacity of PVA DGT
The pH value influenced the transition metal speciation and solubility and the charge of the binding functional groups. A change in pH could influence the accumulation of a binding agent for a metal. The hydroxyl groups of PVA release easily the proton with an increase in pH and coordinate easily with Cu 2+ . To assess the pH dependence of the binding properties of PVA DGT, the mass measured of PVA DGT was plotted against pH values of the bulk solutions in Fig. 3 . There were good binding capacities for PVA DGT between pH 5.6 and 8.4. Most natural water samples were within this pH range. Much lower accumulated mass was found at pH >8.4, as a result of the formation of insoluble hydroxide forms. From pH 2 to 5.6, the binding mass increased rapidly, probably as a result of the increase in the proportion of the oxygen atoms of PVA which could coordinate with Cu 2+ . Natural waters had a range of ionic strengths, so the effect of ionic strength was investigated by adjusting the ionic strength of a Cu(NO3)2 (50 µM) solution with NaNO3 in the range of 0.0001 -0.7 M at pH ~7. The mass measured of PVA DGT was plotted against log[NaNO3] in Fig. 4 . The measurements of Cu 2+ with PVA DGT were found to be independent of ionic strength in the range of 0.0001 -0.7 M.
These results showed that the dependency of PVA DGT measurements on pH and ionic strength simply reflected the binding properties of the PVA solution. 
Performance of PVA DGT
The validation of the DGT measurement is assessed in two ways. 29 Firstly, a linear relationship is expected between measured mass M and deployment time t, if the device acts according to theory. Secondly, the recoveries are satisfactory. Recoveries >90% are desirable with DGT in synthetic solutions. 29 Recovery is defined as the DGT labile metal concentration (CDGT) divided by the total metal ion concentration in bulk solution by FAAS directly (CFAAS) with addition of binding reagents.
The PVA DGT devices were validated by testing the relationship between the mass of analyte accumulated in the binding layer (M) and the deployment time (t) with a solution of known concentration. Figure 5 shows that the uptake of Cu 2+ increased linearly with time up to 96 h (r 2 = 0.9985). The recovery of PVA DGT for free Cu 2+ was 97.51 ± 2.58%. The results demonstrated that the Cu 2+ concentration on the interface between the diffusion layer and the liquid binding phase was effectively reduced to zero during the deployment. This happens because the PVA and Cu 2+ easily form a complex which suits the acceptance of dsp 2 hybrid orbitals of Cu(II) with -O -in four chain units of PVA at room temperature. 21, 22 The stability constant (log K) of PVA complex with Cu 2+ in the previous report was 15.93 30 and the authors confirmed that the PVA could The concentrations of free Cu 2+ ion are affected strongly by the DOC levels. 31 The measured recoveries of PVA DGT and Cu-ISE for free Cu 2+ ion in Hun River water spiked with 80 µM Cu 2+ were 24.99 ± 3.55 and 26.32 ± 3.33%, respectively. The recoveries of the two methods for free Cu 2+ ions in industrial wastewater spiked with 80 µM Cu 2+ were 4.21 ± 3.13 and 5.10 ± 2.78%, respectively. The reproducibility of these PVA DGT devices (RSD% = 1.43% for spiked Hun River water and RSD% = 1.26% for spiked industrial wastewater) and Cu-ISE (RSD% = 1.34% for spiked Hun River water and RSD% = 1.12% for spiked industrial wastewater) was also tested and found to be good. There was no significant difference between PVA DGT and Cu-ISE for the measurement of free Cu 2+ ions. These results demonstrated that the measurements of free Cu 2+ ion with PVA DGT and Cu-ISE were equivalent. The new PVA DGT was suitable for the selective measurement of free Cu 2+ ion in water samples.
The concentrations of free Cu 2+ ion are summarized in Table 2 . The recoveries measured of PVA DGT for free Cu 2+ ion in Hun River water and industrial wastewater spiked with 20 µM Cu 2+ were 8.22 ± 2.12 and 2.21 ± 3.42%, respectively. However, the recoveries measured of free Cu 2+ ions by Cu-ISE were not obtained because the free Cu 2+ ions were complexed with ligands present in the water samples and its concentration was below detection limits of Cu-ISE. These results showed that PVA DGT could measure the free Cu 2+ ion concentration which was below the detection limits of Cu-ISE in waters.
However, the comparison research in natural water samples or in industrial wastewater with the two methods was limited by the detection limits of Cu-ISE in this study. The application of PVA DGT for the measurements of free Cu 2+ ion in natural ; Δg, 85 µm; A, 3.14 cm 2 ; temperature, 20 C.
waters and wastewaters will be investigated further in a subsequent paper.
Conclusions
A novel style of DGT device (PVA DGT) had been demonstrated. The fact showed that the 0.030 M PVA solution was suitable for the binding phase of DGT technique. With the PVA available commercially as the binding phase, DGT can selectively accumulate and measure free Cu 2+ ions with a satisfactory recovery in synthetic solution. It was also shown that the new PVA DGT could effectively measure free Cu 2+ in spiked river water and local industrial wastewater. The PVA DGT will become a very reliable tool for defining free Cu 2+ ions in water samples.
The previous study reported that the diffusion coefficients of various speciations of metals in the diffusive layer usually are different from those of their free metal ions and such differences will have an influence on the accuracy of DGT technique. [32] [33] [34] The advantages of PVA DGT devices are as follows: (i) it has good selectivity for a certain kind of Cu speciation; (ii) it can reduce the effect of coexisting speciations and can enhance the accuracy of the DGT technique; (iii) the separation and enrichment of speciation are achieved at the same time. A series of DGT which possess speciation selectivity will be developed by the use of different functional polymers which can selectively react with the certain speciation of the analytes. Such procedures will help to improve the application of DGT technique and the measurement of metal speciation in natural water samples.
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